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Plasmon waveguide resonance (PWR)Although cell-penetrating peptides are widely used as molecular devices to cross membranes and transport
molecules or nanoparticles inside cells, the underlying internalization mechanism for such behavior is still studied
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Cell-penetrating peptides have been widely used to transport
various types of cargoes inside cells for biological or therapeutical
applications [1–3]. Additionally, some CPPs including penetratin have
been shown to possess antimicrobial activity [4–6].
Transported cargoes are of wide size (peptide and antibody) and
with various physico-chemical proﬁles (oligonucleotide, protein and
nanoparticles).
The cargo is usually covalently conjugated to a cell-penetrating
peptide, often through a disulﬁde bridge in the case of protein/
peptide but, non-covalent strategies are now greatly expanding [1,7].
Once inside cells, non-covalent CPP–cargo conjugates can dissociate
from each other and CPP–cargo disulﬁde conjugates are separated in
the reducing cytosol medium. Thus, once inside the cell, the cargo is
theoretically free to interact with intracellular targets to evoke/
induce biological activity. However, one crucial point in the ﬁeld
which remains is the question of the ﬁnal localization of the cell-
penetrating peptide and the cargo. The intracellular cell-penetrating
or cargo localization (obtained from ﬂuorescence imaging) without
any associated biological activity often led to conﬂicting data and
possible misinterpretations regarding the internalization mechan-
isms. For example, it has been shown in hippocampal neurons that
(8–80 nM) penetratin–SiRNA–FITC conjugates internalized rapidly
and could be found essentially as extensive punctate cytoplasmic
ﬂuorescence, suggesting the presence of the SiRNA in vesicles, while a
cytosolic SiRNA activity could be measured [8].
Therefore, many strategies have emerged now to favor the escape
of CPP–cargo conjugates from endosomal entrapping. Among those,
the use of fusogenic peptides containing acidic residues [9], acidiﬁ-
cation inhibitors [10], and direct [11] or indirect photosensitizers [12]
has been described as efﬁcient methods to release a cargo from
endosomal vesicles.
One consensus point in the CPP ﬁeld is that the physico-chemical
properties of the cargo [13,14], and the cell-penetrating peptide [15]
have an impact in the intracellular delivery pathways of the conjugate.
Therefore, it is obvious that the internalization pathways and the ﬁnal
localization of conjugates within cells can hardly be anticipated.Table 1
Summary of methods/techniques and the corresponding information obtained to learn abo
Method/technique Information provided
Circular dichroism Secondary peptide structure
Infra red Secondary peptide structure
NMR (solution and solid) Effect of the peptide on lipid
and depth of the peptide rela
Trp ﬂuorescence Depth of peptide insertion in
Differential scanning calorimetry (DSC) Effect of the peptide on lipid
transition, cooperativity, etc)
Isothermal titration calorimetry (ITC) Afﬁnity between the peptide
Electron spin resonance (ESR) Interaction of peptide with c
molecular level
Plasmon waveguide resonance (PWR) Binding afﬁnity, effect of pep
structural changes, anisotrop
Turbidity/dynamic light scattering Effect of peptide on liposome
average size of objects
Videomicroscopy Effect of peptide on lipid org
Confocal microscopy Distribution of the peptide in
X-ray scattering Effect of peptide on bilayer th
Molecular dynamics simulations (MDS) Snapshots of the peptide and
Electron microscopy Membrane structures induce
in cells
Flow cytometry Amount of the cellular associ
Radioactivity Indirect quantitative measure
Mass spectrometry Quantitative measure of intra
In cell CPP proteolysis study
This is a summarized list of methods that have been used for penetratin studies. Therefore t
peptides.
a The list of reference is not exhaustive, few examples are provided to illustrate, most ofIn that regard, unveiling all possible internalization pathways of
CPP–cargo conjugate is important to further rationalize the physico-
chemical parameters determinant for the control of the ﬁnal
intracellular localization of conjugates. Thus, the aim of the review
is to summarize studies on that subject using biophysics, biochemistry
and cell biology approaches. We shall focus more particularly on
penetratin derived from the homeoprotein Antennapedia [16] which
has been extensively studied.
Using mass spectrometry to quantify internalized peptides [17,18]
it was possible to study the internalization pathways of penetratin and
other cell-penetrating peptides. Brieﬂy, the method relies on the
quantiﬁcation of the internalized (1H) cell-penetrating peptide with a
known amount of the same peptide isotopically-labeled (2H) used as
an internal standard. Indeed, using the ion signal intensity directly
does notmakemass spectrometry quantitative. Thus, the two peptides
will be chemically equivalent but separated on themass spectra by the
difference between the number of deuterium and hydrogen in the two
peptides. The absolute quantiﬁcation of the internalized 1H-peptide is
determined from the areas of the 1H-peptide and 2H-peptide [M+H]+
signals. Using this method, we have previously shown that internal-
ized and membrane-bound peptides could be distinguished [17,19].
Therefore in the ﬁrst part, recent in cellulo studies of the inter-
nalization pathways of penetratin according to four important parame-
ters: incubation time, temperature, peptide concentration, membrane
potential andmembraneafﬁnitywill be summarized. In the secondpart,
wewill focus onmembranemodel systems used to examine the speciﬁc
phospholipids interaction with penetratin, a prerequisite for internal-
ization through direct translocation. A summarized list of biochemical
and biophysical methods used to learn about penetratinmode of action,
and discussed herein, are presented in Table 1.
2. Penetratin internalization pathways: where do we stand?
2.1. Kinetics of internalization
Very few studies have reported kinetics of internalization at 37 °C
and even less at 4 °C. It should be noticed that in all these studies CPPs
linked to a cargo rather than free CPPs were used. Indeed, the cell-ut the mode of action of CPPs.
Referencesa
[23,49–51]
[52,53]
supramolecular organization, positioning
tive to the membrane, peptide 3D structure
[54–57,60,65,68,69]
to lipids [58,59]
phase transitions (temperature phase [51,55–79]
and lipids/sugars [48,63]
ell membrane components at the [62]
tide on lipid organization (mass and
y, bilayer thickness)
[54,69,73,74]
organization (precipitation, fusion); [51,52,70]
anization at the macroscopic level (GUV) [68,70]
cells [29,59]
ickness, organization (lipid phases) [68,70]
lipid organization at molecular level [71,72]
d by the peptide and peptide distribution [80]
ation of the peptide [59,80]
of cargo or CPP internalization [30,81]
cellular or membrane cargo or CPP. [17,39,82,83]
he list is not exhaustive, alternative methods have been used for other cell-penetrating
them refer to penetratin studies.
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group to facilitate its tracking in cells and/or its puriﬁcation and the
reporter group should be considered as a cargo.
The ﬁrst full kinetic study at 37 °C has been reported for a (2-nitro-
tyrosine)-penetratin conjugated via a disulﬁde bridge to a non-
penetrating random pentapeptide bearing the ﬂuorophore 2-amino
benzoic acid. In the conjugate, the ﬂuorophore in the cargo is
quenched by the 2-nitro-tyrosine in the CPP. Once the conjugate
internalized and the disulﬁde reduced in the cytosol, the ﬂuorescence
signal increased [20]. Although the disulﬁde bridge by itself might
participate in the internalization process through cross-exchange
with thiol membrane proteins [19,21], it was shown that the kinetic
plateau was attained after 1 h for (1 µM) penetratin incubated with
Bowes human melanoma cells [20]. Additionally, it was also reported
by the same group that biotin-labeled penetratin and transportan
revealed by ﬂuorescent-streptavidin have similar internalization
time-course in Bowes cells at 37 °C [22]. Similar results were obtained
by Drin et al. [23], using NBD-labeled ﬂuorescent penetratin analogue.
In that study, membrane quenching of the peptide was obtained by
treating cells with the non-permeant chemical compound dithionite.
The kinetic plateau was obtained after a one hour incubation at 37 °C
of non-adherent human K562 leukemia cells with 1 µM NBD-
penetratin [24,25]. Contradictory results were obtained by Fischer
et al. [25] who observed a similar internalization kinetic rate both at
37 °C and 4 °C, whatever the ﬂuorescein-labeled penetratin concen-
tration. However, in this study, only washing steps were used at
the end of the incubation. Therefore, these authors measured the
membrane-bound rather than the internalized peptide [25], while in
the study by Drin et al., the membrane-bound peptide was quenched
by dithionite treatment [23].
Finally, we have reported [26] kinetics of internalization at 37 °C
and 4 °C of a biotin-labeled and photoactivatable penetratin analogue
measured bymass spectrometry [17,18]. The kinetics was determined
in CHO-K1 cells and CHO-pgA745 (GAG-deﬁcient) cells. It was shown
that at 37 °C the plateau was reached after a one hour incubation of
5 µM penetratin with CHO-K1 and after 30 min with CHO-pgA745
[26]. As the difference between the two cell lines is the absence of GAG
at the cell surface of CHO-pgA745, these data show that different
pathways were involved in the internalization of the penetratin
analogue. At 4 °C the kinetics of internalization of the penetratin
analogue was similar in CHO-K1 and CHO-pgA745 cells with the same
plateau reached after 1h of incubation. It was interesting to observe
that the plateau obtained at 4 °C in the two cell lines was identical to
the one in CHO-pgA745 at 37 °C, and that this plateau was 3-fold less
than in CHO-K1 cells at 37 °C. As endocytosis is inhibited at low
temperature, the data strongly suggested that GAGs at the cell surface
of CHO-K1 cells were the molecular partners of the penetratin
analogue for this internalization pathway [26].
2.2. Temperature- and energy-dependence of internalization
Since the initial report that penetratin internalization into cells still
occurred, although reduced, at low temperature [27], a tremendous
number of studies have either conﬁrmed or contested these data as
reviewed by Zorko and Langel in 2005 [28]. These data were obtained
either by ATP-depletion and/or by incubating cells at low tempera-
ture [23,27,29–31]. The main reasons for such contradictory data
obtained from ﬂuorescence confocal imaging might have arisen from
possible peptide translocation and relocalization induced by the
ﬁxation step before ﬂuorescence imaging [24] and from time- or
peptide concentration-dependence of the internalization [29,32]. In
addition, the threshold of the ﬂuorescence signal that can be observed
by microscopy (related to the peptide concentration incubated with
cells) was also demonstrated as a limiting parameter [21]. Indeed,
we have shown that an intracellular concentration of 0.5–1 µM mea-
sured by mass spectrometry could not be observed by confocalmicroscopy. Such undetectable intracellular concentration is how-
ever not biologically negligible. Indeed, it has been reported that
nanomolar extracellular concentrations of penetratin–SiRNA conju-
gate induced intracellular biological responses in neurons [8] and in
CHO cells [33].
We have recently reported that penetratin analogues still inter-
nalized at 4 °C (Fig. 1) and that ﬂuorescence imaging did not reﬂect
the intracellular concentrations of the peptide [21,26]. Indeed, it was
evidenced that the ﬂuorescence signal was strongly depending on
biotin accessibility for streptavidin-Alexa488 (peptide in the cytosol,
the internal leaﬂet of the membrane or intracellular organelles). In
addition, in direct ﬂuorescence imaging through ﬂuorophore-labeled
peptides, quenching might occur through peptide interaction with
intracellular partners. Therefore, ﬂuorescence intensity might not
accurately reﬂect internalized peptide quantity, neither at 37 °C nor
4 °C. A recent study by Watkins et al. strongly supports this latter
hypothesis. Indeed, these authors have shown that no ﬂuorescence
could be observed after incubation at 4 °C of different adherent cell
lines with 2 µM R9 [34]. But, when the same cells were non-adherent,
that is when the accessible membrane surface was increased, a strong
ﬂuorescence signal could be detected by microscopy, using 2 µM of
the peptide.2.3. Internalization-dependence on the extracellular peptide concentration
Only a few studies have reported the impact of the extracellular
penetratin concentration on the internalization pathways. Drin et al.
[24] have shown that penetratin internalization increased linearly
with the extracellular concentration from 1 µM up to 30 µM in K562
cells. The peptide-to-cell ratio, rather than the extracellular peptide
concentration, was also proposed as an important parameter for
internalization of penetratin into CHO cells [35].
Duchardt et al. reported that internalization in HeLa cells of
ﬂuorescein-labeled penetratin increased linearly with the extracellu-
lar peptide concentration [36] while Drin et al. contrastingly observed
that internalization was not saturating up to 40 µM peptide [24].
Interestingly, it was shown that the effect of endocytosis inhibitors
was dependent on penetratin extracellular concentration, thus sug-
gesting that different internalization pathways could be activated
according to the peptide concentration used [36]. These authors con-
cluded that penetratin (Antp) peptide used three endocytic path-
ways: macropinocytosis, clathrin-mediated endocytosis and
caveolae/lipid-raft-mediated endocytosis and that at higher concen-
trations, direct translocation was activated.
Although, it is now obvious that peptide concentration is a crucial
parameter when analyzing cell-penetrating peptide internalization
mechanism, a recent work from our group led to an opposite con-
clusion to that of Duchardt et al. [36] regarding the threshold con-
centration of penetratin to internalize through translocation and/or
endocytosis [26]. CHO-K1 and CHO-pgA745 cells were incubated at
37 °C for 1 h with increasing concentrations of a biotin-labeled and
photoactivatable penetratin analogue. Internalization data in CHO-K1
cells could be ﬁtted with a sigmoidal-like curve while in CHO-pgA745
cells, the internalization was linear according to the penetratin
extracellular concentration. We had ﬁrst shown that, in CHO-pgA745
cells, the internalization rate was identical at 37 °C and 4 °C and very
similar to the internalization quantity obtained in CHO-K1 cells at
4 °C. This ﬁrst observation strongly suggested that in CHO-pgA745
cells, penetratin internalized principally, if not totally, through direct
translocation. In addition, as the difference between the two cell lines
was the presence of GAGs in CHO-K1 cells, these carbohydrates were
likely involved in the endocytotic process of penetratin. Therefore,
subtracting the two internalization curves gave the GAG-dependent
cooperative and saturating endocytotic internalization of penetratin.
This GAG-dependent endocytosis was activated with penetratin
Fig. 1. Confocal microscopy analysis of penetratin internalization at 4 °C in wild-type CHO-K1 cells (a, b, c) or GAG-deﬁcient cells (d, e, f). The biotin-labeled peptide was revealed by
streptavidin-Alexa488. (a, d) Control (no peptide); (b, e) 5 µM penetratin; (c, f) 10 µM penetratin. Adapted from [26].
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translocation occurred [26].
Thus, it is quite obvious that the balance between internalization
pathways depends on the membrane composition, thus the cell type,
whichmight explain the contradictory results between Duchardt et al.
[36] and Jiao et al. [26].
2.4. Internalization-dependence on the membrane potential
Although the involvement of the membrane potential in cell-
penetrating peptides internalization has been reported more specif-
ically for arginine-rich and amphipathic peptides [37–40], these
studies conﬁrmed that alternative pathways to endocytosis might
exist.
Indeed, endocytosis is inhibited by intracellular potassium de-
pletion, while increasing extracellular potassium ions concentrations
(resulting inmembrane depolarization) leads to enhanced endosomal
endocytotic pathway [41–43], but to reduced internalization of
arginine-rich peptides [37,39]. Additionally in model membranes, it
has been reported that penetratin could slowly translocate into LUV, a
process that depends on the phospholipid composition and requires a
membrane potential [44] but not into SUV [23].
With the hypothesis that the membrane potential can partly result
from the transmembrane lipid asymmetry typical of most living cells
[45] and can govern the lateral segregation of lipids inmembrane [46],
it is likely that its modiﬁcation can affect cell-penetrating peptide
translocation.
2.5. Membrane binding: the link between cell studies and membrane
models
Since the original work by Joliot et al. showing that alpha-2,8-
Polysialic acid was the neuronal surface receptor of antennapedia
homeobox peptide [47], it was shown using GAGs deﬁcient cells inparallel with wild-type CHO-K1 cells, that GAGs at the membrane
surface are key partners for penetratin internalization [26]. These
observations were conﬁrmed by the fact that penetratin, like other
positively charged cell-penetrating peptides, could bind and cluster
glycosaminoglycans [26,48]. The role of glycosaminoglycans has
been recently studied in terms of membrane binding afﬁnity and
internalization. We had previously reported that there was no direct
relationship between membrane high-afﬁnity binding sites, that is
membrane-bound peptide remaining after extensive washing of cells
after penetratin incubation, and internalization efﬁciency [17].
Membrane afﬁnity was further explored with a biotin-labeled and
photoactivatable analogue of penetratin [26]. We have shown that at
4 °C, the quantity of high-afﬁnity membrane binding of different cell-
penetrating peptides was roughly directly correlated to the number of
positive charges of cell-penetrating peptides. However, the intracel-
lular peptide concentrations (obtained after enzymatic treatment of
cells, thus removing the membrane-bound peptides) did not vary in
the same manner. Additionally, we have shown that the quantities
of high-afﬁnity binding sites were similar in wild-type and GAG-
deﬁcient cells, thus demonstrating that binding sites at the cell
surface are not necessarily competent for internalization [26]. But,
considering the high cationic charge density common to all CPPs,
electrostatic interactions with proteoglycans seem to play an impor-
tant role to increase the local peptide concentration at the membrane
surface. As mentioned previously, calorimetry studies by Ziegler and
Seelig have shown that penetratin, and other structurally diverse
CPPs, bind to glycosaminoglycans with high-afﬁnity (microscopic
dissociation constants between 0.34 and 1.34 µM) and lead to
clustering [48]. Penetratin association with heparan sulphates and
subsequent aggregation has also been observed by ESR studies [48].
Concerning the interaction of CPPs with the lipid components of the
membrane, many biophysical studies have been reported, some of
which will be discussed here. In these studies, lipid model systems
have been extensively employed to mimic in a simplistic manner the
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peptide/lipid interaction and subsequent lipid reorganization. With
the use of different model systems (multilamellar and unilamellar
vesicles of different sizes and planar lipid bilayers), themode of action
of such peptides can be studied at several molecular scales using a
broad range of biophysical tools.
3. Lipid model systems to study the translocation mechanism
3.1. The structure and positioning of penetratin upon lipid interaction
Penetratin, like many other cationic peptides lays on the mem-
brane surface and have the tendency to adopt an α-helical structure.
The association of penetratin with anionic lipid vesicles leads to the
structuration of the peptide from random coil to a helical structure,
at low peptide/lipid ratios [23,49–51]. At high peptide/lipid ratios,
under particular salt concentrations or upon vesicle aggregation, the
adoption of β-sheet structures by penetratin has been reported, which
would lead to a higher membrane destabilization [52,53]. The poly-
morphism reported for penetratin secondary structure following lipid
interactions may arise from different conditions employed in the
experiments regarding: P/L ratios and peptide and lipid concentra-
tions used, lipid composition used, buffer composition (e.g., salt con-
centration), temperature at which experiments were performed, etc.
Peptide structuration, namely the adoption of an α-helical structure
does not seem to correlate with its capacity to cross the lipid mem-
brane [54]. Depending on the physico-chemical properties of the
membranes, penetratin has been reported to interact more or less
with the bilayer but always without a deep insertion. NMR studies
using SDS vesicles have shown that penetratin lies parallel to the
micelle surface without insertion into the hydrophobic core [55,56].
Using bicelles composed of DMPC/DMPG/DHPC, Zhang et al. have
conﬁrmed a parallel orientation to the membrane surface, with the
Trp orienting towards the hydrophobic zone, suggesting a peptide
location at the interface region between the lipid headgroups and the
fatty acid chains [57]. Following Trp ﬂuorescence, similar results have
been obtained, with a parallel interfacial orientation of penetratin and
a deeper insertion of both Trp residues, Trp 48 being further inserted
than Trp 56 [58,59]. Gräslund laboratory has investigated the degree
of penetratin insertion using bromide-labeled lipids and determined
that penetratin is localized about 10.5 Å from the centre of the bilayer.
Solid-state NMR paramagnetic relaxation studies for identifying the
asymmetric insertion depths of penetratin indicate a peptide
distribution in both leaﬂets of the bilayer (at high P/L ratio), in
contrast to the prediction of the electroporation model, which
predicts that penetratin binds to only the outer lipid leaﬂet (at low
peptide concentrations) to cause an electric ﬁeld that drives
subsequent peptide translocation [60]. It should be noted that the
studies were performed at different P/L ratios and solid-state NMR
employs very high lipid and peptide concentrations, this may partially
explain the different results observed. More recently, differential
scanning calorimetry (DSC) studies have shown that while penetratin
does not affect DMPC lipid phase transitions, it does affect DMPG pre-
transition and main phase transition. This indicates that penetratin
perturbs both the lipid headgroup tilting and fatty acid chain packing
by disrupting van der Waal contacts, suggesting some level of
insertion of the peptide within the lipid core region [51].
3.2. The role of negatively charged lipids
Considering the presence of several positively charged amino acids
in most CPPs, it is expected that they will interact strongly with
negatively charged lipids by establishing electrostatic interactions.
Several studies have been reported regarding the interaction of
penetratin with anionic lipids. From a biological point of view, and
even though eukaryotic cells are best modeled by zwitterionic lipidswhich are their major components, the use of lipid model systems
composed of anionic lipids is important because: eukaryotic cell
membranes possess, although in low amounts, anionic lipids such as
phophatidic acid and phosphatidylserine; upon membrane translo-
cation CPPs may interact with the lipid membrane of intracellular
organelles possessing distinct lipid composition than the cell
membrane, namely the presence of anionic lipids such as the case of
mitochondria. In addition, since many CPPs possess antimicrobial
activity [4–6,61], anionic lipids such as phosphatidylglycerol have
been used as models of bacterial membranes.
The inﬂuence of chargedmembrane components in the interaction
of basic peptides with the membrane has been largely investigated
in the literature, nonetheless, certain results remain contradictory.
ESR studies have shown that penetratin does not interact with
zwitterionic lipids such as palmitoylphosphatidylcholine (POPC) [62].
Isothermal titration calorimetry suggests that penetratin can only
interact with membranes possessing anionic lipids or heparan
sulphates [63]. Contrarily, and due to the capacity of arginine-rich
peptides in forming H-bonds with phosphates, sulphates and/or
carboxylates present at the membrane surface, Rothbard et al. have
shown that they are able to bind to both anionic and zwitterionic
lipids [64]. NMR studies performed on a different CPP, Tat, have
reported that the peptide changed the lipidmembrane organization of
DMPC [65]. They have shown by solid state NMR that Tat is able to
form isotropic structures in DMPC bilayers and that such lipid
organization is inhibited by the presence of dipalmithoylphosphati-
dylglycerol (DMPG). Calorimetry studies from our laboratory (DSC
and ITC), indicate that penetratin does not interact with DMPC under
physiological buffer conditions, while it does in the absence of salt
interaction. The peptide binds to the anionic lipid DMPG affecting
both the lipid headgroup tilting and the fatty acid chain packing, that
suggests peptide intercalation between the fatty acid chains ([51],
unpublished data).
With the use of a novel technique, named plasmon waveguide
resonance (PWR) spectroscopy, the interaction of penetratin with
planar lipid bilayers and subsequent mass changes and peptide and
lipid reorganization were monitored. Brieﬂy, this technique is based
in the same principles as surface plasmon resonance (SPR) but con-
trarily to SPR, PWR has the possibility of producing resonances both
with light whose electric vector is either parallel (s-polarization) or
perpendicular (p-polarization) to the plane of the resonator surface
due to the coupling between plasmon and waveguide modes [66,67].
This is important because it allows mass and structural changes (an-
isotropy and membrane thickness) to be followed directly for varied
molecular interactions such as ligand/protein, protein and peptide/
lipid and others. Additionally the technique possesses a higher reso-
lution and sensitivity (femtomole quantities of material can be
detected). The studies show that penetratin has 20 times more afﬁn-
ity for a planar lipid bilayer composed of egg PC/POPG (3/1 mol/mol)
(Kd=90 nM) than a bilayer composed of egg PC (1.8 µM) [54].
Further details on these studies and peptide-induced lipid reorgani-
zation will be further discussed below.
3.3. Lipid reorganization following penetratin interaction
Following the initial contact of CPPs with membranes, a lipid
reorganization takes place to allow for peptide uptake by endocytosis
or direct membrane translocation. A better understanding of this
crucial step is essential to decipher membrane lipid crossing. Several
biophysical techniques have been employed to investigate this stage,
some of which will be discussed below. Among the several techniques
that have been employed to follow peptide-induced lipid reorgani-
zation, 31P-NMR, both in solution and in solid state, has occupied an
important place and has been often used to study the peptide/lipid
interaction from a molecular point of view. Using 31P-NMR, Chassaing
and collaborators have shown that penetratin does not modify the
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PC/PS (4/1 mol/mol) [54]. When the same experiments were
performed with rat lipid brain extracts, the results were quite
different, with penetratin inhibiting the lamellar phase and stabilizing
hexagonal and/or isotropic phases. From this work, authors have
proposed an uptake route where the lipid bilayer would invaginate
and form inverted micelles that would accommodate the peptide in
its interior for release in the intracellular side. Following that, it was
reported that penetratin induces the appearance of a strong isotropic
resonance signal consistent with highly curved phospholipid struc-
tures with a rapid reorientation regimen in liquid ordered phase
vesicles (egg PC). On the opposite, the 31P-NMR spectra of raft-like
liquid ordered phase vesicles (SM/Chol (1/1)) do not show any
change in the lamellar structure [68]. Such isotropic signal was not
observed in the case of vesicles composed of DMPC, but was seen to
co-exist with lamellar phases in the case of DMPG vesicles only above
the lipid phase transition temperature [69]. It thus seems that
parameters such as lipid bilayer ﬂuidity and lipid headgroup charge
would be important for the reorganization of the lipid bilayer from
lamellar structures to more isotropic ones induced by penetratin.
To appreciate macromolecular changes occurring upon peptide/
lipid interactions such as changes in the hydrodynamic diameter and
shape of lipid vesicles and potential aggregation of such vesicles,
turbidity and light scattering experiments (both dynamic and static)
are useful. Taking into account the frequent aggregation occurring
upon peptide/lipid interaction due to the highly charged character of
both components, such studies can also serve as important control
experiments before more complex and time-consuming studies. Such
techniques have been employed by Ziegler and Seelig to study the
interaction of several CPPs (including penetratin) with GAGs, showing
that CPPs lead to GAG clustering with a deﬁned number of binding
sites leading to the formation of aggregates with sizes ranging from 78
to 586 nm [48]. Turbidity measurements have been performed by
following changes in optical density (at 436 nm) occurring upon
penetratin interaction with zwitterionic and anionic LUVs. The results
indicate that while penetratin does not change the turbidity of
zwitterionic lipids it greatly perturbs that of anionic lipids showing
that penetratin leads to aggregation of negatively charged liposomes
[51,70]. Aggregation of negatively charged liposomes has also been
reported by Persson et al., but aggregation was followed by
dissociation, that has been explained by peptide translocation [52].
Mesoscopic membrane deformation by CPPs has been investigated
by videomicroscopy using giant unilamellar vesicles. The studies
show that penetratin induced membrane invaginations in the form of
microtubes that grow inside vesicles, invading the whole internal
vesicle within less than 20 min. Such membrane tabulation was only
observed in GUVs composed of liquid disordered lipids (egg PC/egg
PG 9/1, egg PC, and DOPC) and at temperatures ranging from 10 to
40 °C but were not observed in raft-like mimicking GUVs (egg SM/
chol). In all cases, penetratin did not perturb vesicle integrity and lead
to adhesion of adjacent vesicles that were initially in contact [68,70].
In the same studies, small angle X-ray scattering (SAXS) has been used
to follow the changes induced by penetratin on the bilayer thickness
and detect the presence of highly curved non-lamellar lipid arrange-
ments such as cubic or hexagonal phases. Penetratin did not induce
any changes in the lipid bilayer thickness nor lamellar lipid arrange-
ments of egg PC/egg PG, but lipid arrangement perturbation was
observed in disordered lipid phases. In that case, even though neither
cubic nor hexagonal phases were observed, increased interbilayer
distance was induced by penetratin which may correlate with the
negative curvature formed.
To provide snapshots of the molecular events occurring upon
penetratin interaction with lipid bilayers, molecular dynamics
simulation (MDS) has been recently reported by two independent
groups. Yesylevskyy et al. have shown that penetratin crosses lipid
bilayers composed of DPPC and DOPC without pore formation but byinducing large and long-lived (persisted within the timescale of the
simulations) deformations in the membrane with increases in
curvature, ultimately leading to the formation of small vesicles that
encapsulate the peptide [71]. Polyansky et al. have investigated the
conformational ﬂexibility of penetratin and its ability to form stable
speciﬁc residue–residue interactions and make contacts with partic-
ular lipids. They have shown that penetratin displays a complicated
conformational behavior. Basic and aromatic residues of the peptide
form energetically favorable pairs in water and apolar environments,
which facilitate membrane insertion of the peptide and stabilization
of the membrane-bound state. These residues are capable of
“trapping” lipid heads, thereby affecting their dynamics and micro-
scopic organization of the water–lipid interface. The latter is much
more pronounced in anionic than zwitterionic bilayers and might be
related to the initial stage of peptide-induced destabilization of lipid
bilayers [72].
To follow lipid reorganization both in terms of mass and structural
changes (changes in bilayer thickness, average refractive index and
anisotropy) after penetratin interaction, PWR has been used [69,73].
The studies show that penetratin interacts quite differently with egg
PC and egg PC/POPG (3/1 mol/mol) bilayers. Therefore, binding of
penetratin to the egg PC bilayer produced a biphasic event, with
decreases in the resonance angle position both for p- and s-pol. at low
concentrations (up to 1 µM), followed by positive shifts for both
polarizations at higher concentrations. Graphical analysis was used to
distinguish between mass and anisotropy changes [74]. The high-
afﬁnity binding process of penetratin corresponds to a pure mass
effect, with mass decrease. This event was accompanied by a decrease
in the average refractive index and anisotropy and no change in
bilayer thickness as determined by spectral ﬁtting [73]. As for the
second event, the low afﬁnity binding process with an apparent
dissociation constant (KD app) of 1.8 µM, corresponds to both a mass
(80%) and structure change (20%) and is accompanied by amembrane
thickness increase and no changes in the refractive index parameters.
Such biphasic behavior was not observed for the interaction of
penetratin with an egg PC/POPG bilayer, where only positive shifts
were observed mainly due to mass changes (80% of the spectral
changes coming frommass changes and 20% from structural changes)
with increases in the refractive index anisotropy without membrane
thickness changes. Such studies were accompanied by impedance
spectroscopy measurements demonstrating that the electrical resis-
tance of the bilayer was not altered by the peptides. Overall, the
results indicate that in the case of egg PC bilayer, at low concentra-
tions, penetratin binds to the lipid surface and causes electrical
repulsion between the positive charges of the peptide and the positive
charges of the choline headgroups leading to an efﬂux of lipid out of
the bilayer and into the plateau Gibbs border, decreasing the mass of
the bilayer, the pack density and the ordering of the lipid molecules.
At higher peptide concentrations, the increase in the lipid bilayer
mass could be explained by an accommodation of the peptide and
lipids surrounding following the ﬁrst step above described, with a
deeper penetration of the peptide into the interfacial region of the
lipid headgroups to reach the negative phosphate groups of egg PC
molecules. This would be accompanied by a straightening of the lipid
headgroups causing an increase in bilayer thickness. For the inter-
action with an egg PC/POPG bilayer, no charge repulsion takes place.
The peptide binding strongly increases the molecular ordering of
the system, which results from strong electrostatic interactions
between the penetratin and the charged lipid headgroups, this
explains the gain in mass density. The fact that bilayer thickness
remains constant indicates that the bound peptide does not protrude
from the bilayer.
DSC has emerged as a much valuable tool to study peptide/
membrane interactions (few examples provided, [75–79]). With DSC
changes in lipid phase transition temperature, in the thermodynamic
parameters of the phase transition, the cooperativity of the transition
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mation regarding the effect of the peptide on the bilayer ﬂuidity, level
of interaction of the peptide with the lipid (capacity of the peptide to
perturb the lipid headgroup tilting and the fatty acid chain packing)
and changes in lipid lateral organization such as domain formation.
Although this technique has been frequently used to study the inter-
action of antimicrobial peptides with lipid model systems, in the case
of CPPs, few studies have been reported. In addition to the above
reported studies regarding the effect of penetratin on DMPC and
DMPG lipid phase transitions, phosphatidylethanolamine lamellar
(Lα) to hexagonal (HII) phase transition temperature (TH) has been
monitored in the absence and presence of penetratin. Penetratin was
found to decrease TH, indicating that the peptide favors the formation
of negative curvature in the bilayer (e.g. inverted micelles) [51]. More
recently, this technique has been used to monitor penetratin effects
on binary lipid mixtures. Careful choice of the lipid partners used
regarding their phase transition temperature (the lipids need to have
different enough phase transition temperatures so that they can de
distinguished while being miscible) and their physico-chemical
properties (charge, fatty acid chain length, etc…) can provide impor-
tant information regarding lipid lateral segregation by the peptide and
lipid recruitment. The role of electrostatic forces on the peptide/lipid
interaction (by using DPPC and cardiolipin (7/3 mol/mol) vesicles),
fatty acid chain length (DMPG/DSPG (1/1 mol/mol) vesicles) and
fatty acid chain unsaturation (DMPG/POPG (1/1 mol/mol)) on
penetratin/membrane interaction was investigated. Such lipid mix-
tures give rise to, although broad because they present non-ideal
behavior, single phase transitions, in the absence of peptide conﬁrm-
ing good lipid miscibility. Following penetratin interaction, one
additional phase transition was observed for all lipid mixtures
investigated, staring from P/L ratio of 1/25. The new phase transition
observed has a temperature transition very close to that of one of the
lipid partners in the binary mixture, indicating that penetratin
interaction with the membrane leads to changes in the lateral lipid
organization with segregation/recruitment of speciﬁc lipids. There-
fore, penetratin was observed to recruit lipids with charged head-
groups and segregate uncharged ones (in the anionic/zwitterionic
DPPC/cardiolipin mixture), to recruit short and unsaturated fatty acid
chains and segregate long and saturated ones (in the DMPG/DSPG and
DMPG/POPG mixtures) [79]. This effect on lipid lateral organization
and speciﬁc lipid recruitment was different for distinct CPPs and
antimicrobial peptides. The formation of lateral membrane heteroge-
neity may have important consequences for the uptake of CPPs andFig. 2. Schematic representation of the internalization pathways of penetratin (adapted fro
higher concentrations, both translocation and endocytosis occurred. See the main text (discan be followed directly by DSC [78,79]. Therefore, the lipid domains
formed may present the necessary physico-chemical properties to
promote CPPs passage across the bilayer (by a non-endocytic
pathway) via either the formation of inverted micelles or other lipid
structures such as tubes and or the recruitment of the necessary
auxiliary proteins (e.g. clathrins, caveolins, etc…) and othermolecules
needed for their uptake (when an endocytic pathway is taken).
Moreover, peptide-induced segregation of lipids into phases/domains
can destabilize the membrane by introducing phase boundary defects
between lipid domains. Such boundary defects, offering reduced
surface tension, may facilitate peptide penetration and/or leakage.
4. Conclusions
Overall, cell biology has shown that penetratin usurps endocytotic
cell processes but can also translocate into the cells. Biophysical
studies demonstrate that penetratin affects lipid supramolecular
organization (generally enhanced by the presence of anionic lipids)
leading to changes in the membrane curvature. Such membrane cur-
vature or invagination may give rise to the formation of tubes or
inverted micelles that entrap the peptide in its interior or create an
environment favorable for penetratin to cross lipid bilayers by direct
translocation. Without direct visualization of such phenomena on
cells, the mechanism of cell uptake by penetratin remains an open
question.
Finally, based on recent data [26], the internalization pathways of
penetratin could be schematically drawn as shown in Fig. 2: at low
extracellular concentration (below 2 µM), penetratin translocates
into cells while at higher concentration both endocytosis and trans-
location occur. Penetratin endocytosis is a cooperative and saturable
process that depends principally on glycosaminoglycans at the cell
surface. In addition, PtIns(4,5)P2 in the inner membrane leaﬂet of
cells is implicated in penetratin internalization, probably in relation
with cytoskeleton actin dynamics and endocytosis [26]. Penetratin
translocation also operates in a narrow-time windowwhich implies a
speciﬁc membrane component (likely a lipid or a glycosphingolipid)/
peptide co-import in cells. Discussion about one uniquemechanism of
translocation could be vain since, as for endocytosis, there might be
different ways for penetratin and other cell-penetrating peptides to
translocate into the cells, such as tubule formation and ﬁssion [73],
inverted micelles or hexagonal phase [54], electroporation-like with
membrane repair [80] according to the cell membrane composition
and the cell-penetrating peptide sequence.m [26]). At low extracellular the peptide has been shown to only translocate, while at
cussion part) for additional information.
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